INTRODUCTION
The increasingly expeditionary nature of modern society has led to medical personnel from both military and civilian backgrounds being called upon to work in increasingly austere environments. It is now commonplace for medical facilities to accompany military operations, including those in the initial entry phase, and also civilian expeditions. When extremes of climate are predictable, it is common practice to provide climatic control in established medical facilities. 1 However, accompanying medical personnel must also be prepared to provide life or limb-saving surgical and medical treatment during the initial entry phase of any expedition where such facilities are not yet constructed. With temperatures of less than −50°C recorded during expeditions in Antarctica 2 3 and more than +50°C in Death Valley in the USA, 4 it is vital that civilian or military doctors wishing to provide medical support to expeditions understand how extremes of climate can affect their patients, equipment, drugs and themselves.
This review brings together the available evidence regarding the physiological impact of extreme heat and cold upon critically ill or injured patients and also the impact upon medical personnel. In addition, it collates data regarding the effect that extremes of temperature can have upon medical equipment and drugs that are commonly used in the management of such patients. Presently this is lacking in many respects and there is a clear need for further research. It should also be remembered that such expeditions can occur at altitude, but a discussion of the effects of extreme altitude is beyond the scope of this article.
METHODS
A literature review was conducted on PubMed and Google Scholar using combinations and alternative spellings of the terms 'extreme heat', 'extreme cold', 'anaesthesia' and 'critical care'. Search results were narrowed by relevance and limited to articles written in English, and the reference sections of review articles were then searched for relevant articles. Subject matter experts and pharmaceutical and medical product companies were contacted for unpublished data.
The majority of the articles which were analysed did not define 'extreme heat' or 'extreme cold' and we therefore opted to include all articles relating either to extremes of temperature sufficient to bring about altered physiology relating to hypothermia or hyperthermia, or sufficient to cause an increase in mortality on a population scale. We also included trials in which equipment and drugs were exposed to temperatures outwith the manufacturer recommended usage and storage ranges. Figure 1 demonstrates the identification and screening process for article inclusion. 
RESULTS

Key messages
▸ Doctors providing medical cover to expeditions into areas of extreme temperature face unique clinical and logistical challenges. ▸ Physiology may be markedly disrupted by hypothermia or hyperthermia and this may impact upon management of a critically ill or injured patient. ▸ Expedition doctors may also find their own physical and mental functioning impaired by the extreme temperature. ▸ Medical equipment may malfunction at extreme temperatures and battery life may be shortened or efficiency degraded. ▸ Some medicines may be affected by exposure to a temperature outwith the recommended storage and usage temperature ranges.
Extreme cold
While the physiological impact of hypothermia is well known, 5 we are less accustomed to caring for patients in uncontrolled climatic environments. This unique challenge requires a keen understanding of the physiological impact of extreme cold upon the patient and on the doctors themselves.
Cardiovascular system
The cardiovascular response to hypothermia is often marked and can greatly impact upon patient morbidity. 6 The response is dependent upon the degree of hypothermia with a tachycardia and hypertension being the common clinical findings of mild hypothermia and bradycardia with cardiovascular collapse secondary to poor cardiac output being more common in severe hypothermia. 7 Acute exposure to cold causes an α 1 -adrenoceptor-induced peripheral vasoconstriction, which can improve thermal insulation by up to 300%. 8 This sympathetic response increases the BP by approximately 20-30 mm Hg in young subjects and by up to 60 mm Hg in the elderly and causes a diuresis with a reduction in plasma volume and resultant increase in blood viscosity. Cooling of the myocardium also impacts both upon the contractility and the pacemaker function of the heart. In vitro cooling of porcine myocardium to 32°C causes a prolongation of contraction and an increase in contractile force by almost 40%. 9 The hypertension of mild hypothermia is therefore a product of tachycardia, increased contractility and increased systemic vascular resistance. Cold-induced hypertension can be counteracted by light exercise that stimulates circulation in the lower limbs. 5 As myocardial temperature drops further, spontaneous depolarisation of the pacemaker cells decreases leading to a progressive bradycardia which is refractory to atropine. The heart rate will fall to 30-40 bpm at 28°C. 5 In addition, repolarisation abnormalities occur as evidenced by the appearance of an Osborn 'J' wave on the ECG. Increasingly broad QRS complexes are seen which correlate with prolonged contraction of the myocardium. Other electrocardiographic changes include ST depression and T-wave inversion. 10 Many intravenous and inhalational anaesthetic agents as well as opioid analgesics diminish α-adrenoceptor-induced vasoconstriction in a dose-dependent manner thus impairing the patient's thermoregulatory capacity and promoting heat loss. 11 12 The combination of pre-existing hypothermia, loss of thermoregulatory control due to anaesthetic drugs and cool ambient temperature could lead to a rapid onset of cardiovascular compromise in a surgical or critical care patient and as such close monitoring is required.
Metabolic
The basal metabolic rate (BMR) in adults is roughly 58 W/m 2 , which corresponds to approximately 110 W for a 70 kg male. During cold exposure, autonomic stimuli lead to shivering which can increase the metabolic rate maximally to 300-500 W. This can increase heat production fivefold, but cannot be sustained for long periods as energy reserves are exhausted. 
Review
Behavioural responses to cold include increasing muscular exercise which can increase metabolic rate maximally to 1000-1300 W, but at a continuous work rate a level of 500 W is more probable. 8 Most volatile and intravenous anaesthetics and opioid analgesics directly impair hypothalamic thermoregulation in a dose-dependent manner leading to a diminished threshold for shivering. [14] [15] [16] An individual acclimatises to cold conditions in 2 weeks after which the physiological responses to cold are attenuated and the cold environment is considered subjectively less stressful to the individual. Acclimatisation can be insulative (increased subcutaneous fat deposits and skin vasoconstriction), hypothermic (decreased core body temperature) and metabolic (increased energy consumption). Behavioural adaptation is most effective, and in urban environments, behavioural adaptation in winter can be so effective that physiological adaptation does not occur.
Acclimatisation plays a large part in the BMR of an individual in cold conditions and also the physiological and subjective responses to cold. For example, Eskimos and the Alakaluf Indians at the southern tip of South America do not shiver in ambient temperatures of 2-5°C and have a BMR 30%-40% higher than other populations. 17 Also, statistics have shown that the ambient temperature associated with the lowest annual heat-related mortality is 14°C in Finland, 18°C in South-East England and 23°C in South Carolina. 18 The hypermetabolic state of hypothermic patients leads to increased oxygen consumption. This decreases the time to desaturation during periods of apnoea. Acclimatised subjects may demonstrate a greater degree of physiological stability under anaesthetic in those subjects who are new to the cold environment, although this remains untested.
Haematological
Even mild cold exposure can increase blood viscosity due to diuresis, 19 as well as elevated cryofibrinogen levels; overall, the haematocrit increases by approximately 2% for every 1°C decline in temperature. 20 Cold also directly inhibits the enzymatic reactions of both the intrinsic and extrinsic pathways of the clotting cascade, and a prolongation of prothrombin time, activated partial thromboplastin time and activated clotting time occurs after the development of hypothermia. 21 The incidence of trauma is high in austere environments and patients may present with a coagulopathy, which can be compounded by hypothermia. 22 In this circumstance, aggressive clear fluid resuscitation has been shown to worsen coagulopathy and a cautious approach to fluid resuscitation is advised. 23 
Respiratory
In moderate hypothermia airway reflexes can become obtunded, increasing the risk of aspiration pneumonia. 24 As body temperature decreases, there is an initial tachypnoea followed by a reduction in minute volume and bronchospasm. 25 This impacts upon the inhalational anaesthetic output from a draw-over vaporiser such as the one used in the Tri-Service Anaesthetic Apparatus. 26 Bronchial dilation leads to an increase in physiological and anatomical dead space although alveolar dead space remains unchanged. Pulmonary vascular resistance is increased leading to a degree of ventilation-perfusion mismatch. The falling temperature leads to a left shift of the oxygen-haemoglobin dissociation curve initially; however, the resultant lactic acidosis redresses this imbalance. A lactic acidosis also occurs in response to shivering, although this will not occur if the patient has received any anaesthetic agents. 27 A combined respiratory and metabolic acidosis occurs, even in the absence of shivering.
If the patient becomes severely hypothermic, this acidosis may be profound and may lead to an overall rightward shift in the oxygen-haemoglobin dissociation curve. 28 
Renal
A cold-induced diuresis occurs before any drop in body temperature. 5 This is initially due to the increased renal blood flow that occurs as a result of peripheral vasoconstriction and increased BP; however, resistance to vasopressin (ADH) occurs at a later stage. Urine output monitoring is recommended and fluid resuscitation should be titrated to urine output and serum lactate levels where monitoring is available. 29 
Gastrointestinal system
As body temperature decreases, intestinal motility decreases, eventually leading to an ileus. Prolonged hypothermia also predisposes patients to peptic ulceration. 30 The extremely cold doctor With decreasing temperature, axonal conduction velocity reduces. 31 As a result, moderate hypothermia causes ataxia and loss of fine motor control in its initial stages. Loss of tactile sensitivity occurs with mild hypothermia and complete nervous block occurs at a nerve temperature of 10°C. 32 Synovial fluid also becomes more viscous and so muscle and joint stiffness occurs. Below approximately 14°C skin temperature, medical personnel would suffer a significant decrement in their fine motor control and dexterity leading to an inability to operate. The wearing of bulky gloves to minimise the effects of tactile insensitivity may further impede dexterity. Again, cold adaptation plays an important role-cold adaptation of the hands can lead to diminished local vasoconstriction which allows increased circulation and skin temperatures in hands; this cold-induced vasodilatation is known colloquially as 'fisherman's hand'. 33 Unfortunately, this response is not universal among subjects nor can it be trained by repeated cold exposure. 34 35 It has, however been shown to occur more readily when subjects undertake endurance exercise training. 36 As temperature decreases, mental capacity begins to be affected. Studies into this phenomenon can be separated into human studies in the field ( polar explorers, [37] [38] [39] [40] [41] [42] [43] military 44 or divers 45 46 ), human studies in laboratory settings 47 or animal studies. 48 Allowing for variations in study design, we can draw from this evidence that subjects demonstrate an increased number of errors and changes in response time when asked to perform cognitive tests in cold conditions. Some of the studies demonstrated that these effects were particularly marked when the subjects were asked to perform complex cognitive tasks while simple tasks remained unaffected. 8 40 Also, it has been reported that individuals exposed to acute cold stress showed decrements in performance on tests involving reasoning skills. 41 Impairment of short-term memory was reported even after brief cold exposures and some research has reported decrement in memory recall. 40 Coleshaw et al 49 demonstrated that test subjects could only recall 70% of facts learnt when body temperature was reduced to levels below 34-35°C.
Compounding the decrement in mental capacity, many authors believe that cold exposure also has a deleterious effect upon mood. Experimental data to support this hypothesis are scant; however, there are numerous published reports of increases in depressive symptoms during the winter months in personnel on polar expeditions and based in Antarctic research stations, 38 53 demonstrated behavioural depression in rats that were exposed to hypothermic conditions and postulated that this was due to a reduction in brain norepinephrine levels.
The variability in study design, duration of exposure, type of clothing and measures of temperature make it difficult to discern the precise nature of the cognitive impairment which is experienced by subjects who are required to work in extreme cold. Similarly, few studies have looked at acclimatisation to cold and performance markers. As is the case in any harsh environment, working in extreme cold requires increased vigilance and attention to detail on the part of a doctor. The available evidence leads us to conclude that an expedition doctor would be likely to find reasoning, decision making and complex tasks significantly more difficult in the extreme cold. Where possible, checklists should be employed and medical staff should try to work in teams to decrease the likelihood of clinical errors. Medical staff should also be rotated at regular intervals to allow for sufficient rest and rewarming, and all staff should be warned to be alert to the possibility of mental decrement in their colleagues at low temperatures.
The maintenance of a normal body temperature for both patient and doctor should be prioritised to mitigate against the deleterious effects of extreme cold. Transfer of the patient to a climate controlled medical facility should occur as soon as is practicable to reduce further heat loss.
Extreme heat
The last two Gulf Wars and the campaigns in Afghanistan have provided a wealth of experience in the care of critically ill or injured patients in extreme heat. Over this period of time, there has also been an increase in the number of medical facilities provided by non-governmental organisations in war-torn or drought-starved areas. Patients with a critical illness or injury who are being managed in an extremely hot environment are under a unique physiological demand. The stresses placed upon the doctor and other medical personnel are also severe.
Cardiovascular system
As the temperature increases, the autonomic nervous system via the hypothalamus causes a peripheral vasodilation in an attempt to lose heat. 54 This may lead to translocation of the blood to the periphery and a drop in mean arterial pressure. Heat stroke sufferers have been noted to have raised levels of nitric oxide which may contribute to this effect. 55 The addition of an anaesthetic agent will compound the situation and may lead to profound hypotension.
Sufferers of heat stroke are frequently noted to have tachyarrhythmias, which may be an exaggeration of the baroreceptor response to this hypotension. The ECG can also be affected in extreme heat with rhythm disturbances, conduction defects and ST segment changes with prolongation of the Q-T interval being the commonest finding. These changes can often be effectively treated with cooling but may persist and may be related to hypocalcaemia, hypokalaemia or hypomagnesaemia. 56 Subjects exposed to extreme heat suffer a variety of electrolyte disturbances related to sweat losses and heat-induced hyperventilation. 57 Hypokalaemia is common in the early stages of heat stroke but in the later stages hyperkalaemia is more often seen following cellular leakage of potassium. 58 Sweat losses also lead to salt and water depletion and these should be actively replaced with the prediction of further losses if the temperature cannot be controlled. 59 
Nervous system
The central nervous system is particularly vulnerable to heat, the cerebellum being the most susceptible. As a result, subjects exposed to extreme heat may present with neurological impairment of varying severity and the minimum alveolar concentration of an inhaled anaesthetic agent required to maintain anaesthesia is reduced. 60 The increase in temperature will also impact upon the activity of various enzyme systems in the body and may lead to alterations in the duration of action of several anaesthetic drugs. 61 
Renal system
In an environment of extreme heat, it is possible to have a direct thermal injury to the kidneys and also pre-renal insults such as volume depletion, rhabdomyolysis and disseminated intravascular coagulation have a higher incidence. 62 These are all recognised causes of acute renal failure in exertional heat stroke. 63 In the critically ill patients, there may be additional insults to renal function and as such urine output monitoring is recommended for all patients and adequate fluid resuscitation is of paramount importance. 57 The extremely hot doctor Performance in extreme heat has been studied in great depth, particularly by military researchers. The influence of climate on psychomotor skills and physical performance was assessed by Mackworth 64 at the Cambridge Psychological Unit in 1950. He assessed the ability of unacclimatised service personnel to perform three tasks at different climates. The tests were a simple manual dexterity test, a task requiring concentration and physical effort ( pursuitmeter test) and finally a mental task of receiving wireless telegraphy messages in Morse code. During the test, the personnel were subjected to a range of dry bulb and wet bulb temperatures (85-105°F and 75-95°F, respectively) in an air movement speed of 100 ft/min. Climate made no difference to the performance of the manual dexterity test; in the pursuitmeter test, severe decrement occurred in temperatures exceeding dry bulb 95°F and wet bulb 85°F. In the wireless telegraphy test, there was a statistically significant decrease in performance in climates hotter than 95°F dry bulb and 85°F wet bulb. Mackworth's study also demonstrated that those of greatest competence suffered less detriment at extreme temperatures.
There is little agreement on the effect of acclimatisation upon cognitive functioning in extreme heat. Ramsey and Dayal, reviewed the available evidence in 1975 and concluded that while acclimatisation clearly plays a role in improving task function during prolonged mild thermal stress, the evidence for such an effect in extremes of heat was lacking. 65 When planning an expedition to an area of extreme heat, the medical team should be as experienced as possible. If novice expedition doctors are forming a part of the medical team, they should be supervised by a more experienced member of staff. A decrease in clinical abilities is predictable at high temperatures and if possible a wet and dry bulb thermometer should be included in the medical kit to monitor the working environment. When temperatures are in excess of 95°F (35°C) dry bulb, staff should be reminded to optimise their hydration and highrisk activities which might lead to an increased likelihood of casualties should be minimised where possible. A period of acclimatisation prior to the expedition may lead to improved concentration and situational awareness and could potentially result in fewer clinical errors.
EQUIPMENT AND DRUGS AT EXTREMES OF TEMPERATURE
Medical equipment carried by expeditionary medical teams is highly variable and each team must be aware of the safe operating temperatures of their own equipment. When planning to provide medical care in an austere environment, it is vital to provide temperature monitoring for drugs and equipment at all times, and this must be regularly audited. The majority of medical equipment has not been tested to the extremes of temperature and therefore the safe operating or storage temperature range supplied by the manufacturer may be quite narrow. Table 1 provides examples of the operating and storage temperatures quoted in the operating manuals of equipment used by British military medical teams.
In general, most equipment will continue to function when exposed to extreme temperatures for a short period of time. Even if the equipment continues to function the screens may not, as they will often shut down as a protective measure when they get hot, and crystals in the screen can freeze and burst at low temperatures. The emission spectrum of LEDs is affected by temperature, but this has been found to not have any clinical relevance. Prolonged or repeated exposures to thermal stress will lead to rapid degradation of electronic equipment. In addition, a rapid increase in the temperature of a piece of equipment (eg, when being carried from an extremely cold environment into a climatically controlled one) can lead to internal condensation and disruption of circuitry.
Batteries function most efficiently with optimal service life if used at room temperature (20°C); however, an increase in temperature will improve a battery's performance for a short period of time due to a lowering of the internal resistance and speeding up of chemical metabolism. This improved performance comes at the cost of a decrease in the working life of the battery and so users should avoid exposing batteries to high temperatures for prolonged periods. Cold temperatures lead to increased internal resistance and a diminished performance. Batteries that would provide 100% capacity at 27°C will typically deliver only 50% capacity at −18°C and at −20°C most nickel, lead or lithium-based batteries will stop functioning.
Most field anaesthetic machines employ a draw-over vaporiser fitted with temperature compensation mechanisms. These are only effective to a certain degree and at extremes of temperature the output of such vaporisers will be highly variable. This should be taken into consideration if inhalational anaesthesia is required. In extreme cold environments, it may be that the whole vaporiser needs to warmed up prior to use (eg, in a water bath). It should also be remembered that in the tropics the filling ratio of vapour cylinders is lower, therefore they may contain less than expected. Disposable medical apparatus which is formed from poly-vinyl chloride such as endotracheal tubes, oxygen face masks and tubing may become exceedingly malleable at extremely high temperatures leading to a risk of kinking or may become brittle at extremely low temperatures.
Failure to follow storage recommendations of pharmaceutical products could potentially result in therapeutic failure. However, it may be extremely difficult to avoid exposing drugs to some degree of thermal stress when transporting them to a medical centre located in an austere environment. Prolonged storage of drugs at high or low temperatures risks denaturation of proteins and alterations in product characteristics. It is therefore advisable when working in an extreme environment to preferentially stock drugs which are stable at a wide range of temperatures, for example, atropine and lidocaine (stable between −20 and +70°C 66 ) rather than those which must be kept within a narrow thermal range. If such drugs are to be carried they will generally be stored in a temperature controlled unit, and as such should be unaffected by changes in the ambient temperature. For drugs which recommend storage at a temperature lower than 30°C, it has been demonstrated that temperature stress of limited duration does not lead to deterioration in the drug. [66] [67] [68] Therefore, such drugs should be safe to transport to extreme climates and should remain stable until climatic control is attainable. If medications are exposed to extreme heat or cold, it is recommended to replace drugs if possible.
Certain drug delivery systems (suppositories, creams, etc) are more sensitive to rises in temperature and it is wise to avoid stocking these if possible. Any drug that contains proteins (eg, insulin) or emulsions will be destroyed by freezing. Gelatin-based fluids with a high molecular weight have a tendency to gel and solidify if stored at lower temperatures. Modern succinylated or urea-crosslinked gelatins have a lower gel melting point and are therefore less prone to this effect. Küpper et al 67 consolidated the available data on the safety of drugs following heat and cold stress in 2006 providing a valuable reference for expedition medical teams. The pertinent findings are summarised in Table 2 . It should be remembered that expiration dates are based upon studies of degradation within the recommended storage temperature range and may be shortened if a drug has been exposed to a temperature outwith this range.
CONCLUSIONS
There are many considerations when planning the care of patients in extremes of temperature. This is a highly specialised area of medicine that is rapidly evolving, and equipment is being continually developed and improved to aid the management of patients in austere environments. When planning a military or civilian expedition, difficulties should be anticipated and prepared for and where possible climatic control should be sought early. Appropriate clothing and storage facilities for drugs and equipment must be available, particularly during the entry and exit phase of an expedition. Logistical difficulties may limit restocking of equipment or drugs and sufficient contingency should be available. The local region must be thoroughly researched prior to departure with a focus on climate, terrain, geography, hazards, available medical facilities and common local pathologies. All expedition personnel must be of sufficient physical robustness and should be given a medical briefing.
There is a great deal of individual variation in the response to extreme cold or heat. Doctors must do what they can to avoid exposing themselves and their patients to these extremes but must be prepared to mitigate the effects when it cannot be avoided. Unfortunately, there is no clear-cut dose-response relationship between temperature and cognitive function or with duration of exposure. This ambiguity may leave medical planners frustrated. We would advise that if at all possible, the medical team for expeditions should be sufficiently manned to allow for frequent rests and rewarming/cooling of personnel. This would also help mitigate against lapses in concentration and hopefully reduce the incidence of clinical errors. Additionally, close monitoring for signs of depression should be undertaken in any personnel deploying to an extremely cold environment for a prolonged period of time-particularly if deploying over the winter months. If possible, a period of acclimatisation should be undertaken prior to departure for all team members.
Many clinical challenges may be faced by medical personnel caring for patients in extremes of climate. These include but are not limited to: alterations in baseline physiology, altered response to pathological insult and medical intervention, alterations in the functioning characteristics of medical equipment and increased attrition rate of equipment and drugs. Successful expeditionary medical care requires resourcefulness, preparedness and at all times close communications with base medical support.
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